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Chromatin is a critical regulator of neural plasticity, but basic principles of chromatin function in neurons are
unclear. In this issue of Neuron, Maze et al. (2015) establish histone H3.3 turnover as a novel mechanism
contributing to CNS gene regulation, synaptic plasticity, and cognition.Chromatin regulation is an indispensable
feature of neural plasticity that mediates
a wide range of behaviors, including
memory formation, reward learning, drug
responses, stress, and adaptations to
early-life experiences (Day et al., 2013;
Feng and Nestler, 2013; Miller et al.,
2008; Szyf et al., 2007). The effects of
chromatin regulation are exerted primarily
through changes in gene expression, with
chromatin acting as a gatekeeper of DNA
accessibility. DNA is packaged into the
nucleus by coiling around a core octamer
of histone proteins, consisting of two
copies each of H2A, H2B, H3, and H4 to
create nucleosomes, the building blocks
of chromatin. Histone proteins are modi-
fied in several ways to alter access to
DNA and influence transcription, but
studies in the nervous system have
focused almost exclusively on posttrans-
lational modifications of histone tails,
leaving entire branches of chromatin
regulation virtually unexplored. Histone
variant exchange is one such branch
that was suggested to be a key regulator
of neural plasticity and cognitive function
(Michod et al., 2012; Santoro and Dulac,
2012; Zovkic et al., 2014), but our under-
standing of histone variants and their
diverse functions in the nervous system
is still in its infancy. In this issue ofNeuron,
Maze and colleagues (2015) utilize power-
ful analytical chemistry techniques to
implicate dynamic exchange of the his-
tone variant H3.3 into the chromatin core
particle as a new mechanism controlling
cognitive function in the CNS.
Histone variants are nonallelic histone
proteins that are found across species
and replace their canonical counterpartsin the nucleosome (see Table 1). Although
different variants exhibit variable degrees
of structural and functional diversity
compared to canonical histones, a pri-
mary distinction between the two is in
their capacity for synthesis outside of
cell replication. In contrast to canonical
histones, whose deposition in the core
octamer is replication dependent, histone
variants are capable of replication-inde-
pendent deposition, suggesting that their
functions in chromatin could be a plas-
ticity mechanism in postmitotic neurons.
Maze and colleagues address this previ-
ously unexplored question through a
comprehensive characterization of H3.3
function and chromatin dynamics over
development and in the mature nervous
system, identifying histone turnover as a
novel regulator of neural plasticity. More-
over, besides directly implicating H3.3 in
neural plasticity and memory, the findings
of Maze et al. overturn a fundamental
assumption among many classical epige-
neticists, i.e., stability of the core compo-
sition of the chromatin particle in nonrep-
licating cells.
The H3 histone family consists of two
canonical replication-dependent variants,
H3.1 and H3.2, and a single replication-
independent variant, histone H3.3.
Although additional replication-indepen-
dent variants of H3 do exist, CenH3 is
specifically enriched in centromeres, and
H3.4 and H3.5 are specific to the testes
(Filipescu et al., 2014), making H3.3 the
sole replication-independent H3 in the
brain. In contrast to H3, the H2A histone
family has several fully or partially replica-
tion-independent variants (Skene and He-
nikoff, 2013), suggesting a potentiallyNeunique role for H3.3 in neural function.
Given its exclusive replication-indepen-
dent status in the H3 family, Maze et al.
(2015) hypothesized that H3.3 expression
is developmentally regulated in nondi-
viding cells of the nervous system and
that its turnover is an essential regulator
of neural plasticity. In an impressive series
of experiments, the authors demon-
strated that H3.3 accumulates in both
neurons and glia during maturation, yet
maintains a slow steady-state and a rapid
activity-induced turnover rate, thus estab-
lishing histone turnover as a novel regu-
lator of neural plasticity (see Figure 1).
In their initial experiments, the authors
utilized fluorescence-activated cell sort-
ing (FACS) to isolate both neurons and
glia, allowing them tomake cell-type-spe-
cific distinctions that are often overlooked
in studies of neural plasticity. Using mass
spectrometry, they demonstrated that
H3.3 starts off as aminor variant in embry-
onic chromatin in both neurons and glia,
then accumulates to make up more
than half of all neuronal H3 by weaning
(3 weeks of age in mice). Levels continue
to increase throughout life until H3.3 be-
comes the dominant H3 in aged mice
(2 years of age), making up more than
94% of all H3 in neurons and more than
80% in glia. This trajectory was remark-
ably similar in human brains, in which
H3.3 represented the smallest fraction of
H3 in the fetal brain until it increased to
more than 93% of total H3 in adolescence
(age 14), remaining stable thereafter (up to
72 years of age). This incredible level of
H3.3 accumulation suggests that virtually
the entire pool of H3 throughout the entire
neuronal genome is turned over acrossuron 87, July 1, 2015 ª2015 Elsevier Inc. 1
Table 1. Canonical Histones and Histone Variants
Histone Family Canonical Histones Variant Histones
H3 H3.1, H3.2 H3.3, CenH3, H3.4, H3.5 (primate specific: H3.Y, H3.X)
H2A H2A.1, H2A.2 H2A.Z, H2A.X, macroH2A1, macroH2A2, H2A.Bbd
H2B H2B H2BE, H2BFWT, hTSH2B (human specific: spH2B)
H4 H4 No known variants
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tional activity status of overlying genes.
A long-standing premise in chromatin
research is that histones are highly stable
proteins with long half-lives, a notion that
is incompatible with evidence for H3.3
saturation in adult neurons given that his-
tone dynamics are essential for transcrip-
tion (Weber and Henikoff, 2014). To deter-
mine the extent to which H3.3 remains
dynamic in postnatal neurons, Maze and
colleagues utilized SILAC (stable isotope
labeling of amino acids in cell culture),
which involves the delivery of heavy
labeled lysines to mice through the diet,
which can then be measured to obtain
an index of histone turnover. Using this
approach, they found that approximately
one-third of the total H3.3 pool was re-
placed over a 4 week period even though
the overall levels of H3.3 did not change,
suggesting that H3.3 was undergoing
constitutive turnover, whereas H3.1 and
H3.2 remained static. Once again, the
presence of constitutive H3.3 turnover
was confirmed in the human brain using
the ‘‘bomb-pulse’’ method, which mea-
sures the decay in radioactive carbon pro-
duced by aerial nuclear weapons testing
in 1955–1963. Together, these data
convincingly demonstrate that histonesFigure 1. Neuronal H3.3 Occupancy during De
In embryonic neurons, canonical histones H3.1 and H
cumulates with age to become the dominant H3 in
H3.3 maintains both constitutive and activity-induce
regulator of neural plasticity.
2 Neuron 87, July 1, 2015 ª2015 Elsevier Incare much less stable than previously
thought, suggesting that histone turnover
is an essential feature of chromatin func-
tion in the brain.
The tremendous level of H3.3 saturation
observed in the adult nervous system also
poses a challenge to another tenet of H3.3
function in other model systems, which
find that H3.3 is a strong marker of active
chromatin (Hake and Allis, 2006). To
examine the association between H3.3
binding and gene expression after H3.3
accumulation, the authors compared
gene expression data from RNA
sequencing with H3.3 binding data from
ChIP sequencing in embryonic and adult
neurons, periods when H3.3 represents
a minor and a major variant, respectively.
Consistent with prior studies, H3.3 enrich-
ment in gene bodies and promoters was
associated with active gene expression
in embryonic neurons. However, this rela-
tionship did not hold true in adult neurons,
suggesting that H3.3 is not a marker of
active chromatin in the adult nervous sys-
tem. Another line of research that con-
nects H3.3 to active chromatin holds
that H3.3 tends to preferentially associate
with active posttranslational modifica-
tions to exert positive effects on gene
expression. To determine whether thisvelopment and in Adulthood
3.2 make up the majority of H3, whereas H3.3 ac-
adult neurons. Despite its high expression levels,
d turnover, implicating H3.3 dynamics as a novel
.holds true in neurons, the authors again
used SILAC to differentiate between dy-
namic and static H3.3 and showed that
only embryonic H3.3 is associated with
activity-promoting posttranslational mod-
ifications, whereas this effect disap-
peared in adult neurons. These data
reinforce the notion that classical models
of H3.3 function do not hold true in the
mature nervous system, where H3.3
becomes ubiquitously represented
throughout the neuronal genome. More-
over, these data suggest that histone
turnover can occur independently from
active posttranslational modifications,
proposing that these two processes are
distinct and must be considered sepa-
rately in the adult brain.
Having dissociated H3.3 turnover from
active posttranslational modifications,
Maze et al. (2015) next set out to investi-
gate how H3.3 turnover is affected by
neuronal activity. First, they measured
H3.3 expression in response to several
stimulation protocols in cultured neurons
and in vivo using optogenetic stimulation
of the medial prefrontal cortex. In both
cases, they showed that neuronal activity
increased H3.3 expression levels, which
translated into potentiated H3.3 incorpo-
ration into chromatin of active genes. To
determine whether H3.3 dynamics are
also subject to regulation by naturally
occurring environmental stimuli, mice
wereexposed to4weeksof environmental
enrichment, beginning at 3 weeks of age.
Compared to normally housed mice, en-
riched housing resulted in increased
expression and turnover of H3.3 in the hip-
pocampus, with hippocampal neurons ex-
hibiting potentiated H3.3 incorporation
compared to normally housed controls.
These data show that, in contrast to ca-
nonical H3, whose expression was un-
changed by environmental enrichment,
H3.3 is subject to experience-mediated
regulation in neurons. Moreover, the
occurrence of long-term changes specif-
ically in H3.3 suggests that replication-in-
dependent histone variants are a novel
target for regulating long-term outcomes
associated with distinct environmental
experiences.
Given the highly dynamic and experi-
ence-sensitive nature of H3.3 turnover,
Maze et al. (2015) hypothesized that this
process is involved in regulating neural
plasticity and cognitive function in mature
Table 2. Studies Implicating Histone Variants in Cognitive Function
Variant Region Behavioral Effect of Target Histone Depletion Reference
H3.3 Hippocampus Impaired fear conditioning and novel object recognition Maze et al. (2015)
H2A.Z Hippocampus Enhanced fear conditioning Zovkic et al. (2014)
H2BE Main olfactory epithelium Impaired odor discrimination Santoro and Dulac (2012)
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ported in an extensive series of experi-
ments. To isolate the effect of histone dy-
namics, the authors utilized a novel
approach to manipulate H3.3 turnover
without creating functionally deleterious
nucleosome-free regions, a common
concern in histone depletion studies.
Specifically, they employed a knockdown
approach that utilizes chained micro-
RNAs to knock down two distinct H3.3
coding genes simultaneously, allowing
them to inhibit all sources of H3.3. This
manipulation resulted in selective deple-
tion of the free H3.3 replacement pool,
while leaving chromatinized H3.3 intact.
Beginning with cultured neurons, the au-
thors showed that blocking H3.3 dy-
namics resulted in reduced spine density
and the development of both excitatory
and inhibitory synapses in cultured neu-
rons, an effect that was rescued by re-
placing H3.3, but not the canonical H3
histones.
To demonstrate the relevance of H3.3
for neural plasticity in vivo, the role of
H3.3 in regulating spine density was
confirmed by delivering the microRNA
constructs into areaCA1of the hippocam-
pus using AAV. With this approach, they
showed that H3.3 knockdown reduced
both spine density and the amplitude of
miniature excitatory post synaptic cur-
rents (mEPSC), supporting the hypothesis
that H3.3 turnover is a novel regulator of
neural plasticity. Consistent with the abil-
ity of H3.3 to mediate key aspects of hip-
pocampal plasticity, the authors showed
that H3.3 turnover is also important for
regulating two hippocampus-dependent
cognitive tasks, novel object recognition
and contextual fear conditioning,with per-
formance on both tasks being impaired by
H3.3 knockdown. These data add histone
turnover to the list of chromatin modifica-
tions that regulate cognitive function.
The most direct role of chromatin on
neural plasticity and behavior is linked to
its effects on transcription, suggesting
that the effects of H3.3 turnover on plas-ticity involve changes in gene expression.
The authors confirmed the link between
transcription and H3.3 dynamics by using
the chainedmicroRNA approach to inhibit
H3.3 turnover, which impaired plasticity-
related gene expression in response to
depolarization. Interestingly, a compari-
son of H3.3 ChIP and RNA sequencing
in depolarized neurons showed that H3.3
dynamics were preferentially correlated
with activity of late-responding plasticity
genes, indicating that H3.3 exhibits
category-specific gene regulation. More-
over, the link with active genes occurred
preferentially in gene bodies rather than
promoters, a phenomenon that was vali-
dated in hippocampi of mice housed un-
der environmentally enriched conditions.
Compared to normally housed mice, en-
richedmice exhibited greater H3.3 enrich-
ment in gene bodies of both neurons and
glia, with preferential turnover of gene-
body H3.3 occurring on more active
genes. The tremendous degree of consis-
tency in data between neurons and glia
shows that H3.3 turnover in gene bodies
is a universal property of gene expression
in the brain that is not specific to particular
genes, since distinct sets of genes were
preferentially expressed in neurons and
glia.
Histone turnover involves a cycle of
H3.3 removal, degradation, and incorpo-
ration of newH3.3 into chromatin, but fac-
tors that regulate these processes are not
well defined, particularly in neurons. Prior
studies have implicated several factors
in H3.3 regulation (Skene and Henikoff,
2013), but Maze et al. showed that
depolarization specifically enhances in-
teractions between H3.3 and its chap-
erone Hira, which is necessary for depo-
larization-induced H3.3 incorporation. In
contrast to known deposition candidates,
regulation of H3.3 removal from chro-
matin is poorly understood, and Maze
et al. provided the first evidence impli-
cating proteasome-mediated H3.3 evic-
tion and degradation in neurons. This
novel role for the proteasome is particu-Nelarly interesting in light of recent evidence
for proteasomal regulation of learning and
memory, as well as its regulation of H2A
variants outside the brain (Walters and
Zovkic, 2015).
Conclusions
Chromatin is subject to complex regulato-
ry mechanisms that impact neural plas-
ticity through effects on gene expression.
Despite this crucial role, there is a tremen-
dous gap in our understanding of basic
principles of chromatin regulation, partic-
ularly in the brain. In an impressive series
of studies, Maze et al. (2015) implicate
histone turnover as a fundamental new
mechanism of neural plasticity and cogni-
tive function, adding to growing evidence
for a vital role of histone variants in the
brain (see Table 2). Histone turnover is a
distinct process from histone subunit ex-
change, in which histones that make up
the nucleosome are replaced by other
subtypes. Rather than being replaced,
H3.3 remains at a constant level while
also maintaining its capacity for both
constitutive and activity-induced turn-
over, which is critical for gene regulation
and cognition. Although these studies
focused on theH3 family, histone turnover
likely has a universal role across various
histone types, and future studies of this
process, in conjunction with histone
variant exchange, will undoubtedly eluci-
date fundamental mechanisms of gene
regulation in the nervous system. Inter-
estingly, recent studies have identified
additional replication-independent H3
variants in primates, H3.X and H3.Y (Wie-
demann et al., 2010), which along with the
findings of Maze et al. introduce the
intriguing possibility that additional diver-
sification of H3 may regulate neuronal
function in people.
The work of Maze et al. (2015) is also
illustrative of an ongoing tectonic shift in
the epigenetics field. A founding principle
in epigenetics was the concept that
epigenetic marks are stable in cells and
also heritable in organisms, providinguron 87, July 1, 2015 ª2015 Elsevier Inc. 3
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Previewslifelong continuity of cell phenotype and
cell fate determination. This founding
assumption was based on the readily
observable fact that cells stably maintain
their phenotype over a lifespan, implying
stable underlying biochemical epigenetic
mechanisms. The principal molecular cor-
nerstones of this presumed stability were
DNA cytosine methylation and the long-
lived histone subunits that comprise the
octameric core of the chromatin particle.
Thus, the basic assumption was that
‘‘irreversible’’ chemical reactions under-
lay cellular information storage. Work
over the last decade has made clear that
these early models of epigenetic stability
are incorrect. Thus, it has been discov-
ered that DNA cytosine methylation is
chemically reversible in nondividing cells,
as is histone lysine/arginine methylation,
and most recently, breakthrough work
that includes these new finding by Maze
et al. indicates that dynamic regulation
of the chromatin core particle can be
added to this list (Zovkic et al., 2014).
It is clear that transient signals can
trigger lifelong changes in cell function,
and by definition, epigenetic mechanisms
contribute to this form of cellular informa-
tion storage. However, the prior model of
epigenetic changes being permanent4 Neuron 87, July 1, 2015 ª2015 Elsevier Incdue to an underlying magic bullet of irre-
versible chemical reactions needs to be
replaced by an understanding of cellular
persistence being subserved by ongoing
dynamic but bistable biochemical reac-
tions (Nicolis and Prigogine, 1977). The
costs of dynamic bistability are 2-fold—a
requirement for ongoing energy input to
defeat the second law of thermody-
namics, and the possibility of accumula-
tion of errors. In the case of cells, the
cost of errors is phenomena such as ag-
ing, memory degradation, and oncogen-
esis. However, the evolutionary benefits
of cellular changes being subserved by
dynamic bistable reactions are mani-
fold—allowing the acquisition of acquired
change and such phenomena as stim-
ulus-induced homeostatic regulation,
cellular and neural plasticity, and organ-
ismal learning.REFERENCES
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The brain regulates blood flow to match energy demand to nutrient supply. In this issue of Neuron, using
in vivo optical imaging and optogenetics, Hill et al. (2015) report that arteriolar smooth muscle cells are
key players in regulating cerebral blood flow in the healthy state and contribute to the ‘‘no reflow’’ phenom-
enon after ischemic stroke.To meet the energy demands of the
CNS, the vasculature modulates cerebral
blood flow (CBF) through neurovascularcoupling, a process by which blood ves-
sels respond to regions of high neuronal
activity by vasodilation and increasedflow (Girouard and Iadecola, 2006). These
changes in microcirculation are driven by
release of neurotransmitters that promote
